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Tissue remodeling processes critically depend on the 
timely removal and remodeling of preexisting col- 
lagen scaffolds. Nevertheless, many aspects related 
to the turnover of this abundant extracellular matrix com- 
ponent in vivo are still incompletely understood. We there- 
fore took advantage of recent advances in optical imaging 
to develop an assay to visualize collagen turnover in situ 
and identify cell types and molecules involved in this process. 
Collagen introduced into the dermis of mice underwent 
cellular endocytosis in a partially matrix metalloproteinase- 
dependent manner and was subsequently routed to ly- 
sosomes for complete degradation. Collagen uptake was 



predominantly executed by a quantitatively minor popu- 
lation of M2-like macrophages, whereas more abundant 
Co/?a /-expressing fibroblasts and Cx3cr/ -expressing 
macrophages internalized collagen at lower levels. Genetic 
ablation of the collagen receptors mannose receptor 
(MrcT) and urokinase plasminogen activator receptor- 
associated protein (EndolSO and Mrc2) impaired this 
intracellular collagen degradation pathway. This study 
demonstrates the importance of receptor-mediated cellu- 
lar uptake to collagen turnover in vivo and identifies a key 
role of M2-like macrophages in this process. 



Introduction 

Morphogenesis, tissue remodeling, and tissue repair all require 
the targeted remodeling of interstitial and basement membrane 
collagen to allow for organ growth, cell migration, and transla- 
tion of contextual cues that are embedded within the extracellular 
matrix. Perturbed collagen homeostasis underlies a remark- 
able array of important human diseases, including fibrosis, that 
are attributable to excess interstitial deposition of collagen and 
degenerative diseases, such as osteoporosis, osteoarthritis, and 
rheumatoid arthritis, which are characterized by a loss of colla- 
gen from tissues. Finally, the ability of tumor cells to leave their 
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site of origin and seed at novel locations is dependent on their 
ability to orchestrate the local degradation of collagen (Joyce 
and Pollard, 2009; Rowe and Weiss, 2009; Kessenbrock et al., 
2010). Understanding the precise mechanisms underlying nor- 
mal and abnormal collagen homeostasis is, therefore, of signifi- 
cant basic biological and clinical importance. 

The mechanisms of collagen turnover have been the sub- 
ject of extensive studies over the past several decades, and two 
mechanistically different collagen catabolic pathways have been 
proposed: an extracellular pathway, in which collagen is degraded 
by membrane-bound and soluble proteases, and an endocytic 
pathway, in which collagen is first internalized by cells and then 
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degraded by lysosomal cysteine proteases (Aimes and Quigley, 
1995; Everts et al, 1996; Lauer-Fields et al, 2002; Hotary et al, 
2006; Lee et al, 2006; Madsen et al., 2007; Krane and Inada, 2008; 
Lecaille et al., 2008; Messaritou et al., 2009; Segovia-Silvestre 
et al., 2009; Bugge and Behrendt, 201 1). The existence of the 
latter pathway for collagen turnover in vivo is primarily supported 
by electron microscopy studies showing an abundance of collagen 
fibers in the endosomal and lysosomal compartments of mesenchy- 
mal cells presumed to be engaged in connective tissue degradation 
during cancer invasion, articular cartilage destruction in rheuma- 
toid arthritis, bone resorption in periodontal disease, periodontal 
ligament turnover, and uterine involution (Cullen, 1972; Beertsen 
and Everts, 1977; Harris et al., 1977; Soames and Davies, 1977; 
Jurakova and Milenkov, 1981; Neurath, 1993; Lucattelli et al, 
2003; Ryvnyak and Dulgiera, 2003). However, other studies have 
suggested that the observed intracellular collagen does not reflect 
the actual degradation of collagen derived from the extracellular 
matrix but rather consists of misfolded collagen that has been 
rerouted for immediate lysosomal degradation during the synthe- 
sis process (Bienkowski et al., 1978; Berg et al., 1980). Further- 
more, considerable gaps in knowledge also exist as to the specific 
mechanisms by which collagen would be endocytosed and routed 
for lysosomal degradation. This particularly regards the require- 
ment for collagenase cleavage before cellular uptake, the identity 
of cells endowed with the capacity to internalize and degrade col- 
lagen intracellularly, and the cellular receptors that mediate the 
initial collagen uptake. With respect to the latter, the collagen 
binding a 1 p 1 and a2p 1 integrins were the first proposed collagen 
internalization receptors, based on the observation that integrin- 
blocking antibodies impair the uptake of collagen-coated beads 
by cultured fibroblasts (Arora et al, 2000; Segal et al., 2001). 
A role of milk fat globule epidermal growth factor 8 in opsoniz- 
ing collagen for specific uptake by macrophages was also recently 
proposed (Atabai et al., 2009). Furthermore, two members of 
the mannose receptor (MR) family of endocytic recycling recep- 
tors, the MR (MRCl and CD206) and the urokinase plasminogen 
activator receptor-associated protein (uPARAP; endo 1 80, MRCl, 
and CD280), were shown to aggressively internalize and target an 
assortment of collagen types for lysosomal degradation by cul- 
tured cells (Engelholm et al., 2003; Wienke et al., 2003; Martinez- 
Pomares et al., 2006; Madsen et al., 201 1). 

Cognizant of these considerable mechanistic gaps in the 
knowledge of collagen turnover in vivo, we took advantage of 
recent advances in optical microscopy to develop a novel assay 
to directly visualize the fate of exogenous collagen introduced 
to the mouse dermis. By using this assay, we were able to char- 
acterize the cell types and molecules engaged in collagen deg- 
radation in vivo. Most importantly, we identify MR-dependent 
intracellular collagen degradation by M2-like macrophages as a 
novel and dominant collagen turnover pathway. 

Results 

Caeneration of an assay to visualize 
intracellular collagen degradation in vivo 

Acid-extracted rat tail tendon type I collagen fibrils self-assemble 
within minutes to form native, trypsin-resistant collagen fiber 



networks when incubated at physiological pH in vitro. Col- 
lagen networks formed this way have been used extensively 
as a model system to study cellular collagen turnover by cells 
explanted ex vivo (Birkedal-Hansen et al., 2003). To deter- 
mine whether similar collagen networks could be reconstituted 
in vivo and then be visualized in situ, we fluorescently labeled 
acid-extracted rat tail tendon type collagen I with either Alexa 
Fluor 488, 594, or 647, which are highly photostable and pH- 
insensitive fluorescent dyes (see Materials and methods for 
details on this and other procedures; Panchuk-Voloshina et al., 
1999). These fluorescently labeled collagen fibrils preserved their 
ability to rapidly form trypsin-resistant, collagenase-sensitive 
collagen networks ex vivo (Fig. 1 A and not depicted). Im- 
portantly, when neutralized from an acidic solution and then 
immediately injected into the subcutaneous space of mice, the 
fluorescently labeled collagen fibrils self-assembled to form 
similar collagen networks within the mouse dermis. These 
networks either formed around preexisting endogenous col- 
lagen/elastin bundles, or they formed de novo, independent 
of existing matrix scaffolds. In both cases, they easily could 
be visualized by either two-photon microscopy (not depicted) 
or confocal fluorescence microscopy of the exposed ventral 
dermis (Fig. 1, B-D). Fortuitously, the collagen injection pro- 
cedure disrupted dermal homeostasis, as revealed by a sub- 
stantial influx of cells into the injection field (Fig. 1 E) and 
by a large increase in the expression of genes associated with 
matrix turnover 24 h after injection, including genes encoding 
coUagenases and gelatinases (Fig. 1 F). Furthermore, the in- 
troduced collagen appeared to be continuously degraded with 
an approximate half-life of 3.4 d, as determined by extraction 
of fluorescent material from injected skin (Fig. 1 G). Collec- 
tively, this suggested that the tissue damage inflicted by the 
subcutaneous collagen placement procedure creates a matrix 
catabolic microenvironment, thereby potentially making it 
possible to study the degradation of the exogenously intro- 
duced collagen networks in situ. By coinjecting the collagen 
with 10-kD dextran fluorescently labeled with Texas red, the 
lysosomal compartment of cells could be visualized (Fig. 1 H; 
Sandoval et al., 2004; Masedunskas and Weigert, 2008). Like- 
wise, intravenous injection of the mice with fluorescent Hoechst 
33342 dye 4-6 h before imaging allowed for easy visualiza- 
tion of cell nuclei (Fig. 1 H). A representative example of the 
appearance of an injection field reconstituted from serial z stacks 
is shown in Video 1 . 

Exogenously introduced collagen 
undergoes cellular internalization 
and is routed to lysosomes 

Inspection of the collagen-injected area by confocal fluores- 
cence microscopy revealed numerous cells displaying peri- 
nuclear endocytic vesicles containing fluorescently labeled 
collagen, indicative of vigorous cellular uptake of exogenous 
collagen in vivo (Fig. 2 A). Indeed, a systematic quantita- 
tive analysis of the injection areas reconstituted from serial 
z stacks showed that >90% of the dextran-uptaking cells also 
contained internalized collagen (see following paragraph). Im- 
portantly, these collagen-containing endocytic vesicles included 
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Figure 1 . An assay to visualize intracellular collagen degradation in situ. (A-D) Microscopic appearance of collagen fibers formed after incubation of 
Alexa Fluor 647-labeled acid-extracted rat tail tendon type I collagen at neutral phi in vitro (A) or formed in vivo 24 h after injection into the dermis of 
live mice (B-D). Dermal-injected fluorescently labeled rat tail collagen fibrils form collagen fiber networks (white fibers in B) that may be associated with 
existing collagen/elastin scaffolds (blue fibers in B and white fibers in C, visualized by confocal microscopy] or may form ab initio (compare C and D). 
(E-G) Dermal collagen injection disrupts tissue homeostasis and generates a matrix catabolic environment. (E) Total cell counts in noninjected (left bar), 
vehicle-injected (middle bar), or collagen-injected (inj.; right bar) dermis, as determined by the counting of nuclei in four to six serial z stacks from the 
injection field, n = 3 for each treatment. *, P < 0.05, Student's f test, two tailed. (F) Quantitative PCR analysis of mRNA levels of six genes associated with 
extracellular matrix remodeling in the dermis of collagen-injected mice. Data are expressed as fold increase relative to noninjected mice, n = 3 for nonin- 
jected and for collagen-injected mice. uPA, urokinase-type plasminogen activator. (G) Total fluorescence extracted at the indicated time points from skin 
of mice injected with Alexa Fluor 488-conjugated collagen, n = 4 for each time point. AU, arbitrary unit. (fH) Visualization of the lysosomal compartment 
(red; examples with arrows) and nuclei (blue; arrowheads) of cells in dermal injection fields by local injection with Texas red 1 0-kD dextran and systemic 
injection of Hoechst dye, respectively, 24 and 4-6 h before imaging. Data are shown as means ± SD. Bars: (A-D) 10 pm; (H) 5 pm. 



lysosomes, as shown by the frequent colocalization of colla- 
gen and dextran (Fig. 2, B-D), demonstrating that internal- 
ized collagen is routed to the lysosomes. Imaging of dermis 
distant from the injection site revealed that the injected col- 
lagen remained localized to the area of injection, whereas trace 
amounts of dextran occasionally were detected (Fig. 2 E). 
Fluorescently labeled collagen injected in the absence of dex- 
tran displayed a similar vesicular distribution as observed when 
coinjected with the dextran, demonstrating that the dextran is 
not affecting the uptake of collagen (Fig. 2 F). The routing of 
internalized collagen to the lysosomes is consistent with pre- 
vious data showing that tiuorescently labeled collagen inter- 
nalized by cultured cells is directed to the lysosomes (Kj0ller 
et al., 2004). In previous studies, we have shown that inhibition 
of lysosomal cysteine proteases leads to increased levels of in- 
ternalized collagen in both macrophages and fibroblasts, pro- 
viding evidence that the internalized collagen is lysosomally 
degraded (Kj0ller et al., 2004; Madsen et al, 201 1). To directly 



examine the fate of internalized collagen, we allowed cultured 
fibroblast to internalize radiolabeled collagen and subsequently 
analyzed the physical state and the location of the collagen as 
a function of time by TCA precipitation of cell lysates and 
culture supernatants (Fig. 2 G). 5 h after collagen exposure, 
59% of the radioactivity was in a cell-associated and already 
non-TCA-precipitable form, showing vigorous degradation of 
internalized collagen. After 9 h, most of this degraded collagen 
was released from cells and accumulating in the medium, with 
only 9% remaining cell associated in a TCA-precipitable form. 
A similar or even more efficient lysosomal collagen degrada- 
tion process by professional phagocytes such as macrophages 
would be expected. 

We next determined the effect of inhibiting metallopro- 
teinase activity, including pericellular/extracellular matrix 
metalloproteinase (MMP) activity, on cellular collagen uptake, 
by treating mice with the broad-specificity metalloproteinase 
inhibitor GM600I (Grobelny et al., 1992) before collagen. 
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Figure 2. Cellular uptake and lysosomal routing of collagen in vivo. (A) Representative image of mouse dermis 24 h after injection sfiows vigorous 
cellular uptake of collagen, as revealed by multiple cells presenting with fluorescently labeled collagen located within perinuclear endocytic vesicles. 
(B-D) High magnification of a single collagen-uptaking cell (box in A), illustrating the frequent colocalization of collagen and Texas red dextran 
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dextran, and Hoechst dye injections. As expected, this treatment 
regimen inhibited metalloproteinase activity, as shown by the 
partial protection afforded to mice challenged with a lethal 
dose of an MMP-activated modified anthrax toxin (Fig. 2 H; 
Liu et al, 2000). The GM6001 treatment resulted in a small, 
but significant, reduction in the fraction of cells internalizing 
collagen from 88% of dextran-uptaking cells in the injection 
field to 69% (Fig. 2 H). As an independent approach, we also 
injected mice with tail tendon collagen isolated from mice with 
a targeted mutation in the Collal gene (Collaf'' mice), which 
results in the generation of collagenase-resistant collagen type 
I (Liu et al., 1995). The cellular uptake of this mutant collagen 
was compared with collagen isolated from littermate wild-type 
mice. A significant reduction (from 75 to 57%) in the fraction of 
cells internalizing Collal'^' collagen compared with wild-type 
collagen was observed (Fig. 2 J). Collectively, this suggests 
that MMP cleavage facilitates the cellular uptake of collagen. 

Low-level collagen uptake by Cx3crn-GFP- 
positive macrophages and CoM al -C3FP- 
positive fibroblasts 

Having established that intracellular collagen degradation is a 
functional collagen turnover pathway in vivo, we next set out 
to identify the specific cell types that engage in the intracellular 
degradation pathway in vivo. For this purpose, we took advan- 
tage of the previous generation of two transgenic mouse strains 
with macrophages or fibroblasts expressing fluorescent proteins 
amenable to imaging in vivo. We first injected transgenic mice 
carrying one wild-type and one GFP-tagged Cx3crl allele with 
fluorescent collagen, dextran, and Hoechst dye as described in 
the previous section. These mice express GFP in most tissue mac- 
rophages but are phenotypically normal and therefore well suited 
for this experiment (Jung et al., 2000; Arnold et al, 2007). Analy- 
sis of dermal injection fields showed numerous rounded GFP- 
positive cells containing internalized collagen located within the 
lysosomal compartment. Enumeration of cellular collagen uptake 
24 h after dermal collagen injection by analysis of serial z stacks 
from the injection fields showed that on average 49% of cells 
displaying collagen in endocytic vesicles were GFP positive, 
whereas 51% were GFP negative (Fig. 3, A and C). Intracellular 
collagen was observed in 79% of all GFP-positive cells located in 
the dermis, whereas 21% of the GFP-positive cells were collagen 
negative (Fig. 3 D). No obvious morphological difference was 
observed between collagen internalizing and nonintemalizing 
GFP-positive cells (unpublished data). 



We next used a similar strategy to determine the contri- 
bution of fibroblasts to collagen internalization. Mice carrying 
a Collal -GFP transgene express the recombinant fluorescent 
protein in dermal fibroblasts and in type 1 collagen-producing 
cell populations at various other sites (Krempen et al., 1999). 
These mice were injected with the aforementioned fluorescent 
collagen, dextran, and Hoechst dye. Analysis of serial z stacks 
from the injection fields of these mice showed that on aver- 
age 37% of cells displaying collagen in endocytic vesicles were 
GFP positive, whereas 63% of cells displayed intracellular col- 
lagen and were GFP negative (Fig. 3, B and F). Overall, 95% 
of GFP-positive cells in the injection fields of Collal-GFP 
transgenic mice displayed intracellular collagen, whereas 5% 
did not (Fig. 3 G). Collectively, these data directly demonstrate 
that both macrophages and fibroblasts engage in intracellular 
collagen degradation in vivo. 

To address whether these two cell types were resident in 
the dermis or were being recruited upon the introduction of col- 
lagen, we determined the number of GFP-positive and GFP- 
negative cells in the dermis of C-ii;Jcr7-GFP transgenic mice 
(Fig. 3 E) and in Co/7a7-GFP transgenic mice (Fig. 3 H) in the 
presence and absence of exogenous collagen. This analysis 
showed that essentially all CicJct7 -GFP-positive cells were 
recruited, whereas the Co/7a7-GFP-positive cells resided in the 
dermis before exogenous collagen placement. 

MS-like macrophages vigorously 
internalize collagen 

Analysis of injection fields from either Cx3crl -GFP or Collal- 
GFP transgenic mice revealed a distinct population of GFP- 
negative cells that displayed very high levels of internalized 
collagen, when compared with all GFP-positive cells (unpubUshed 
data). To further investigate this confounding observation, we 
interbred CxJct7-GFP and Collal-GFP transgenic mice and char- 
acterized the collagen-internalizing GFP-positive and -negative 
cells in the ensuing double-transgenic offspring (Fig. 4). Inter- 
estingly, a residual population of GFP-negative cells (15% of 
all cells) still displayed intracellular collagen (Fig. 4, A and B). 
Furthermore, these collagen-internalizing, GFP-negative cells 
were immediately distinguishable from all GFP-labeled cells in 
inspected injection fields by the size and number of their lyso- 
somes and by their accumulation of much larger quantities of 
collagen in endocytic vesicles (Fig. 4 A and see Fig. 7 A), sug- 
gesting that this subfraction of GFP-negative cells prominently 
contributes to collagen tumover in the dermis. Indeed, quantitative 



in perinuclear vesicles (yellow; examples with arrows), indicative of lysosomal routing of endocytosed collagen. (E) Representative image of mouse der- 
mis distant to the site of collagen and dextran injection. (F) Representative image of mouse dermis 24 h after injection of fluorescently labeled collagen. 
(G] Primary fibroblasts from wild-type or littermate uPARAP-deficient mice (hatched bars) were allowed to internalize '^^l-labeled collagen for 5 h, after which 
the cells were trypsinized, washed, and reseeded. At 5 and 9 h after collagen exposure (0 and 4 h after reseeding), the cells (left) and the supernatant 
(right) were separated, and radioactivity in the TCA-precipitable fraction and the non-TCA-precipifable fraction was measured. Error bars indicate SDs. 
(H and I) Effect of systemic metalloproteinase inhibition on intracellular collagen degradation. (Hj GM6001 treatment of mice inhibits MMP activity in vivo. 
Mice were treated with GM6001 or vehicle 24 and 0.5 h before i.p. injection with either the MMP-activated toxin PrAg-Ll or the nonactivatable control 
toxin PrAg-U7 (circles, vehicle + PrAg-Ll [n = 8]; squares, GM6001 + PrAg-Ll [n = 5]; triangles, vehicle + PrAg-U7 [n = 5]). *, P = 0.041 , log-rank test. 
(I) Percentage of collagen-internalizing cells in the dermis of vehicle-treated or GM6001 -treated mice, n = 3 for each group of collagen-injected mice treated 
with vehicle or with GM6001 . *, P < 0.05, Student's /test, two tailed. The quantitative data in this and the following figures are shown as mean ± SD and 
were obtained by counting 40-120 cells per z stack from four to six serial z stacks per mouse. {)] Percentage of collagen-internalizing cells in the dermis 
of mice injected with wild-type (wt) collagen or collagenase-resistant (Co/!a/'^') collagen, n = 4 for each group of collagen-injected mice. *, P < 0.01, 
Student's / test, two tailed. Bars: (A) 50 pm; (B-D) 10 (jm; (E and F) 15 pm. 
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Figure 3. Macrophages and fibroblasts mediate Intracellular collagen degradation in vivo. (A) High magnification image of tfie dermis of a collagen- 
injected Cx3crl-GfP transgenic mouse. Example of endocytic vesicle containing collagen and Texas red dextran shown with arrows in a GFP-positive 
cell demonstrates intracellular collagen degradation by macrophages. (B) Representative high-magnification image of the dermis of a collagen-injected 
Co//a /-GPP transgenic mouse (GFP-tagged fibroblasts). Example of endocytic vesicle containing collagen and Texas red dextran shown with arrows in a 
GFP-positive cell demonstrates intracellular collagen degradation by fibroblasts. Bars: (A) 10 (jm; (B) 5 pm. (C] Percentage of cells internalizing collagen 
that are GFP negative and GFP positive in collagen-injected Cx3cr /-GFP transgenic mice. (D] Percentage of Cx3cr /-GFP-positive cells displaying or not 
displaying intracellular collagen, n = 4 for collagen-injected Cx3cr /-GFP mice. (E) Cell counts in noninjected or collagen-injected dermis, as determined by 
the counting of Cx3cr /-GFP-positive and GFP-negative cells in z stacks from the injection field, n = 5 for uninjected mice, and n = 4 for collagen-injected 
mice. (F] Percentage of cells internalizing collagen that ore GFP negative and GFP positive in collagen-injected Co/!a /-GFP transgenic mice. (G) Percent- 
age of GFP-positive cells displaying or not displaying intracellular collagen, n = 4 for collagen-injected Co/ /a /-GFP mice. (H) Cell counts in noninjected 
or collagen-injected dermis, as determined by the counting of Co//a /-GFP-positive and GFP-negative cells in z stacks from the injection field, n = 3 for 
uninjected mice, and n = 3 for collagen-injected mice. Data are shown as means ± SD. 
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Figure 4. High-level collagen-internalizing cells are M2-like macrophages. (A) Representative image of the dermis frorr collagen-injected Cx3crl- 
GFP;Co//o !-GFP double-transgenic mice. Note the presence of a high-level collagen-internalizing cell that is GFP negative (arrov/s). Bars, 20 pm. 
(B) Percentage of cells belonging to the high-level internalizing cell population. Data are expressed as means ± SD and were obtained by counting cells 
in four to six serial z stacks per mouse, n = 5. (C) Image-based analysis of collagen uptake in cells belonging to the high-internalizing cell population com- 
pared with Co//a /-GFP-positive cells or compared with Cx3cr /-GFP-positive cells. Data are expressed as mean fold increases ± SD and were obtained 
by measuring relative fluorescence intensity in 6-15 high-level internalizing cells per mouse and comparing with collagen internalization by GFP-positive 
cells present in the same sections, n = 4 for Co//a /-GFP mice and Cx3cr /-GFP mice. *, P < 0.05, Wilcoxon rank-sum test, two tailed. (D) Relative collagen 
internalization by Cx3cr-GFP-positive cells and Co/ /a /-GFP-positive cells and by high-level internalizing GFP-negative cells. The graph was generated by 
combining the measured fold differences in collagen uptake (n = 4 mice, 3-4 z stacks per mouse) and the determined fractions of the different cell types 
(n = 4-5 mice for each analysis, 4-6 z stacks per mouse]. (E-G) 20 h after collagen injection into wild-type mice, the dermis was whole-mount stained for 
F4/80 (E), MR (F), and Fizzl (G). Bars, 10 pm. 



computer-assisted image analysis showed that collagen accumula- 
tion by this cell population was, respectively, 4 and 20 times higher 
than the total collagen accumulation in Co/7a7-GFP-positive 
fibroblasts and Oi:Jcr7 -GFP-positive macrophages (Fig. 4 C). In- 
deed, although low in abundance, this cell population accounted 
for 57% of all intracellularly located collagen (Fig. 4 D). We 
hypothesized that these vigorously collagen-internalizing cells 
represented a subpopulation of macrophages that were CxScrl- 
GFP negative. In support of this, whole-mount staining showed 
that 27 out of 27 identified high-level internalizing cells were 
positive for the macrophage marker F4/80 (Fig. 4 E). 

Activated macrophages traditionally have been classi- 
fied into two main populations, designated Ml and M2. Ml- 
polarized macrophages principally serve as immune effectors, 
whereas M2-polarized macrophages engage in various tissue- 
remodeling processes, including wound repair (Mosser and 
Edwards, 2008) and tumor invasion (Sica et al., 2008; Wang and 
Joyce, 2010). Interestingly, whole-mount immunostaining of 
collagen-injected dermis showed that the vigorously collagen 
intemaUzing CxicT7 -GFP-negative macrophages expressed both 



MR and Fizzl, two established markers for M2 polarization 
(Fig. 4, F and G), suggesting that macrophages with an M2- 
polarized phenotype may have a key role in dermal collagen 
degradation. To further explore the potential contribution of M2- 
like macrophages to intracellular collagen degradation, we next 
isolated human peripheral blood monocytes and derived, respec- 
tively. Ml -polarized (by exposure to granulocyte-macrophage 
colony-stimulating factor [GM-CSF], IFN-7, and lipopolysac- 
charide) and M2-polarized (by exposure to macrophage colony- 
stimulating factor [M-CSF] and IL-4) macrophages. Consistent 
with a function in collagen turnover, cultured M2-polarized 
macrophages displayed internalization of radiolabeled rat tail 
tendon type I collagen at a 2.5-fold higher rate than Ml-polarized 
macrophages (see Fig. 7 F). 

MR and uPARAP are critical for 
macrophage-mediatied in'tracellular 
collagen degradaliion in vivo 

The aforementioned studies identified three distinct cell popu- 
lations engaging in intracellular collagen degradation in vivo: 



Endocytic collagen turnover^ in vivo • Madsen et al. 957 



kD 

250- 
148. 



-MR 



Wildtype 



Mrc1-I- 



Mrc2 -I- 



-if'- 



kD 
250- 



130- 



Collagen Dextran Hoechst 



-uPARAP 



3 4 
E I00i 



0) 

o 



80 
60 
40 
20 
0 



00 



■ wildtype 

□ Mrc1 -I- 

□ /Wrc2 -I- 



80- 



o 

CD 

6oi 

Q. 

^ 40 

0) 

o 

o 20 
It 



Collagen Dextran 
Internalization Internalization 




□ Wildtype 

□ Mrc1 -I- 

□ Mrc2 -I- 



Resldent 



Injected 



Figure 5. MR and uPARAP facilitafe intracellular collagen degradation in vivo. (A] Western blot of MR (lanes 1 and 2) and uPARAP (lanes 3 and 4) in 
protein extracts from dermis of MR-deficient (Adrc!"^"; lane 1) and a wild-type (WT] littermate (lane 2) or uPARAP-deficient [SArc2^^^; lane 3) and a wild- 
type littermate (lane 4). Arrows on tfie right show the positions of MR and uPARAP. Positions of molecular mass markers (kilodaltons) are indicated on the 
left. Specificity of MR and uPARAP detection is shown by the absence of immunoreoctivity in SArc]^^^ and SArc2^^^ mice, respectively. (B-D) Representa- 
tive examples of collagen uptake in cells from the dermis of wild-type (B), A^rc /"^" (C), and Mrc2^^^ (D) mice 24 h after collagen injection. Bars, 1 0 pm. 
Arrows in B and D show examples of collagen in lysosomal vesicles. (E) Percentage of cells in collagen- and dextran-injected wild-type (n = 5), Mrc]^^^ 
(n = 3), and l\Arc2^^^ [n = 5) dermis that internalize collagen or dextran. *, P < 0.05; and **, P < 0.01 relative to collagen-internalizing cells in wild-type 
mice (Student's f test, two tailed). (F) Enumeration of cells present in noninjected or collagen-injected dermis of wild-type (n = 3), SArc]^^^ [n = 3), and 
Mrc2^^^ (n = 3) mice. Error bars show means ± SD. 



Cc5cr7-GFP-positive macrophages and Co/7a7-GFP-positive 
fibroblasts, both displaying low collagen-internalizing capac- 
ity, and M2-like macrophages, which display high collagen- 
internalizing capacity. We next set out to identify the specific 
receptors mediating collagen uptake by each of the three cell 
populations. Western blots of proteins extracted from injection 
fields 24 h after collagen injection showed expression of both 
MR and uPARAP by cells present in the injected area (Fig. 5 A), 
suggesting a potential role of the two collagen receptors in cel- 
lular collagen uptake in vivo. Therefore, we first explored the 
overall contribution of the two receptors to intracellular colla- 
gen degradation by quantifying the cellular uptake of collagen 
in MR- and uPARAP-deficient mice (Fig. 5, B-E). Interest- 
ingly, loss of MR was associated with a dramatic 60% decrease 
in the fraction of cells internalizing collagen (Fig. 5, C and E, 
left bars). Importantly, loss of MR was not associated with a 



general loss of endocytic capacity, as the fraction of cells inter- 
nalizing fluorescent dextran was similar in MR-deficient and lit- 
termate wild-type mice (Fig. 5 E, right bars). Likewise, the total 
number of cells present in the injection field before and after 
collagen injection was unaffected by MR deficiency (Fig. 5 F). 
A smaller, but significant (21%), decrease in the fraction of 
cells internalizing collagen was observed in uPARAP-deficient 
mice (Fig. 5 E, left bars). As was the case for MR deficiency, 
this internalization defect was specific for collagen, as dextran 
internalization was unaffected by the loss of uPARAP (Fig. 5 E, 
right bars), as was the total number of cells residing in the der- 
mis before and after collagen injection (Fig. 5 F). Collectively, 
these data directly demonstrate that both MR and uPARAP 
specifically contribute to cellular uptake of collagen in vivo. 

To determine the specific cell populations displaying 
MR- and uPARAP-dependent collagen internalization in vivo. 
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Figure 6. Cx3cr J-GFP-expressing macrophages use both MR ontJ uPARAP for the cellular uptake of collagen in vivo. (A) Percentage of collagen-internal- 
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we next interbred Oc5ct7-GFP mice with MR- and uPARAP- 
deficient mice to generate Cx3crl-GFP transgenic mice lack- 
ing either MR or uPARAP. These mice then were injected with 
fluorescent collagen, dextran, and Hoechst dye, and the fraction 
of GFP-positive and -negative cells that internalized collagen 
in the presence and absence of MR and uPARAP was deter- 
mined (Fig. 6, A, B [representative examples of injection field], 
C [GFP-positive and MR wild-type cell], and D [GFP-positive 
and MR-deficient cell]). Loss of MR reduced the fraction of 
GFP-positive cells that internalized collagen from 79 to 35%, 
revealing that MR mediates cellular collagen uptake by CxScrl- 
GFP-positive macrophages in vivo. Loss of uPARAP resulted 
in a smaller, but significant (P < 0.05), reduction in the number 



of GFP-positive cells that internalized collagen from 79 to 59%, 
revealing a similar role for uPARAP in cellular collagen uptake 
by Ccicri -GFP-positive macrophages. Importantly, loss of MR 
also resulted in a dramatic diminution of the capacity of M2- 
like dermal macrophages to endocytose collagen, with the ma- 
jority of MR-deficient M2-like macrophages displaying low or 
no collagen uptake (Fig. 7, A-C). In contrast to the Cx3crl-G¥P 
macrophages, uPARAP deficiency had no effect on collagen inter- 
nalization by this subset of macrophages (Fig. 7 D). Consistent 
with this finding, in vitro differentiation of human monocytes 
to M2-polarized macrophages led to a marked up-regulation of 
MR (Fig. 7 E), and treatment of M2-polarized macrophages with 
MR antibodies dramatically reduced their capacity to internalize 
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Figure 7. MR-dependent collagen internalization by M2-like macrophages. (A and B) Representative high-magnification image of a high-level internalizing 
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radiolabeled rat tail tendon collagen (Fig. 7 F). Collectively, 
these data show that the acquisition of MR expression during 
M2 polarization specifically endows these macrophages with the 
capacity to efficiently internalize and degrade collagen. 

Co/lal-CaFP-posifeive fibroblasts internalize 
collagen independent: of uPARAP in vivo 

Dermal fibroblasts explanted in primary culture internalize col- 
lagen in a strictly uPARAP-dependent manner (East et al., 2003; 
Engelholm et al., 2003; Madsen et al, 2007). Because >37% 
of the cells internalizing collagen in the injection fields could 
be identified as fibroblasts, we next queried the specific role of 
uPARAP in collagen uptake by fibroblasts in vivo. Coll al -GFP 
transgenic mice were interbred with uPARAP-deficient mice to 
generate uPARAP-sufficient and -deficient GFP-tagged Collal 
transgenic mice that were injected with fluorescent collagen, dex- 
tran, and Hoechst dye and analyzed for collagen internalization. 
Surprisingly, loss of uPARAP did not result in a reduction of 
number of GFP-positive cells internalizing collagen, with >95% 
of the GFP-positive cells internalizing collagen in both uPARAP- 
deficient and -sufficient mice (Fig. 8, A-C), suggesting that other 
receptors govern cellular collagen uptake in this context. 

□iscussion 

The extracellular machinery that executes the initial steps of 
interstitial and basement membrane collagen cleavage, which 
results in the formation of smaller partially denatured and de- 
graded collagen fragments, is now well characterized. However, 
the subsequent fate of these collagenase digestion products has 
been less clear, in particular, regarding the specific events and 
molecules that lead to their possible cellular uptake and com- 
plete degradation into free amino acids within the lysosome 



(Rowe and Weiss, 2009; Bugge and Behrendt, 2011). In this 
study, we therefore developed a novel assay to visualize the 
cellular uptake of collagen and its trafficking to the lysosomes 
in vivo by exploiting the observation that acid-extracted fluor- 
escently labeled collagen fibrils rapidly form collagen fiber net- 
works when placed into the subcutaneous space and that the 
presence of this exogenous collagen, combined with the inocu- 
lation trauma, induced an active matrix catabolic environment. 
This novel assay allowed us to critically challenge several hypoth- 
eses that have emerged over the past several decades regarding 
intracellular collagen degradation and to directly query the con- 
tribution of specific cell types and cellular collagen receptors to 
the process in an in vivo setting. 

A first important observation made was that collagen within 
the subcutaneous space is indeed efficiently endocytosed and 
routed to the lysosomal compartment. Thus, the majority of cells 
within dermal injection fields displayed collagen-containing 
lysosomes within 24 h after collagen injection. This adds strong 
support to the notion that the intracellular collagen observed 
in numerous electron microscopy studies (see Introduction) 
originates from the extracellular matrix and does not represent 
misfolded collagen rerouted for lysosomal degradation as pre- 
viously proposed (Bienkowski et al., 1978; Berg et al., 1980). 
Our study, thus, definitively establishes intracellular collagen 
degradation as a physiologically relevant pathway for collagen 
turnover in vivo. Expression analysis revealed that cells within 
the injection field produced a variety of proteases with colla- 
genolytic and gelatinolytic activity. Inhibition of metalloprotein- 
ase activity, including collagenase and gelatinase activity, had 
a modest, though significant, effect on cellular collagen uptake. 
A similar reduction in internalization of collagenase-resistant 
collagen compared with wild-type collagen was observed, sug- 
gesting that a significant fraction of the introduced collagen 



bars], littermate Mrc]^^^ mice (C, right four bars), or littermote l\Arc2^^^ mice (D, right four bars), the high-level internalizing cells were identified based on 
their prominent lysosomes and scored for the level of collagen uptake (high, medium, low, or none), n = 4 each for wild type, hArcl^^^ mice, and SArc2^^^ 
mice. (E and F) High-level MR-dependent collagen internalization by M2-like macrophages is recapitulated in vitro, tysates from human blood monocytes 
differentiated in vitro to resting macrophages or stimulated to acquire an Ml - or M2-polarized phenotype were analyzed by Western blotting for the 
expression of MR (E). The position of MR is indicated on the right. Positions of molecular mass markers (kilodaltons) are indicated on the left. (F) '^^l-labeled 
collagen was added to in vitro-generated Ml - and M2-polarized macrophages. After 4 h, the intracellular fraction of each cell sample was isolated, and 
the amount of internalized collagen was measured. Ab, antibody. Data ore shown as means ± SD. 



Endocytic collagen turnover^ in vivo • IVIadsen et al. 9B1 



is internalized only after initial MMP-mediated cleavage. Al- 
though, importantly, these observations do support a role of col- 
lagenases and fragmenting of collagen before its cellular uptake 
in vivo, the assay, as designed, likely understates the impor- 
tance of these enzymes in facilitating intracellular degradation 
of endogenous collagen fibers. Thus, the exogenously intro- 
duced collagen is likely to form collagen networks that are 
overall less highly organized, less extensively cross-linked, and 
frequently partially denatured. These networks, therefore, in part, 
may resemble the products of collagenase-digested or trauma- 
denatured interstitial collagen and, thus, may display a physical 
state amenable to cellular uptake with limited or no further need 
for prior proteolytic modification by MMPs. Additionally, a frac- 
tion of the introduced collagen could fail to incorporate into any 
insoluble structures and instead be recognized and internalized in 
a soluble state. Altogether, we speculate that the internalization 
and intracellular degradation of endogenous fibrillar collagen 
might require even more proteolytic processing before intemaliza- 
tion and therefore occur at a slower rate than what we observe 
for the exogenous fluorescently labeled collagen but otherwise 
involve the same receptors and cell types as identified in this study. 

Using mice with cell lineage-specific fluorescent tags as 
well as in situ staining for cell lineage-specific markers, we 
identified three distinct cell populations engaging in intracellu- 
lar collagen degradation in vivo: Co/7 a 7 -positive fibroblasts, 
a Cjcicr7 -positive macrophage subpopulation, and M2-like 
macrophages. Co/7a7-positive fibroblasts and Ccicr7 -positive 
macrophages contributed modestly to intracellular collagen 
turnover, whereas M2-like macrophages represented the princi- 
pal cell type responsible for collagen turnover within this spe- 
cific context. These inferred differences in the contribution to 
collagen turnover, however, are predicated on the assumption 
that the level of intracellular collagen observed reflects the rate 
of collagen internalization and is not, or only to a small degree, 
influenced by differences in lysosomal degradation rates be- 
tween the three cell populations. However, because of the high 
abundance and large size of lysosomes in M2-polarized macro- 
phages, we speculate that our study likely may underestimate, 
rather than overestimate, the overall contribution of M2-polarized 
macrophages to collagen turnover. 

M2-polarized macrophages are a distinct subpopulation 
of macrophages that produce minimal amounts of inflammatory 
cytokines, oxygen, and nitrogen radicals and are inefficient in 
pathogen eradication (Mosser and Edwards, 2008). Rather, this 
macrophage subpopulation stimulates the synthesis of various 
extracellular matrix components through polyamine production 
and by the release of specific cytokines and therefore has been 
proposed to play a primary physiological role in promoting tis- 
sue repair. The current study lends important additional support 
to this hypothesis by showing that M2 polarization dramatically 
enhances the capacity to turnover extracellular matrix by an 
intracellular pathway in vivo. Importantly, intracellular colla- 
gen degradation by tumor-associated M2 macrophages could 
contribute to the promotion of tumorigenesis by this cell type, 
and therapeutic interference with this degradation pathway could 
form the basis for future antimetastatic treatment. Additional stud- 
ies will be required to determine whether the collagen-degrading 



M2-like macrophage identified in this study represents a pheno- 
typic subpopulation of these macrophages or whether the capac- 
ity to efficiently degrade collagen is inherent to all M2-polarized 
macrophages. Furthermore, it would be interesting to explore 
whether collagen uptake by M2-polarized macrophages by itself 
stimulates the capacity of this cell type to promote extracellular 
matrix deposition, thereby providing a mechanistic link between 
matrix degradation and synthesis. 

MR and uPARAP are critical to cellular collagen uptake 
and degradation by a variety of mesenchymal cell types when 
cultured ex vivo and have emerged as candidate in vivo col- 
lagen internalization receptors within the last decade (Bugge 
and Behrendt, 2011). By quantitative studies of mice deficient 
in MR and uPARAP, we now were able to directly establish 
a role of both endocytic receptors in cellular collagen uptake 
and degradation in vivo. Thus, the absence of MR or uPARAP 
markedly reduced the fraction of cells that were capable of in- 
ternalizing collagen. This internalization defect was specific 
to collagen, as shown by the unabated uptake of dextran by 
both MR- and uPARAP-deficient cells. In line with this find- 
ing, several prior ex vivo studies have demonstrated that the 
two receptors are not part of the general endocytic machinery 
but rather are highly selective for collagen and its degradation 
products as well as for a few other ligands (Ezekowitz et al., 
1991; Otter et al., 1992; Prigozy et al., 1997; Tan et al, 1997; 
Lee et al., 2002; Royer et al, 2010; Paveley et al., 201 1). The 
direct demonstration of the participation of MR or uPARAP in 
intracellular collagen degradation in vivo provides additional 
strong evidence that the phenotypic consequences of ablation 
of the two receptors, on skeletal and lung development, tissue 
fibrosis, and tumor invasion, are attributable in whole or in part 
to impaired collagen turnover (Curino et al., 2005; Malovic 
et al., 2007; Wagenaar-Miller et al., 2007; Wienke et al, 2007; 
Fasquelle et al., 2009; Bundesmann et al., 2012; Lopez-Guisa 
et al., 2012; Madsen et al., 2012). 

By imposing MR and uPARAP deficiency on mice car- 
rying macrophage- and fibroblast-specific fluorescent tags, we 
were able to also query which cell types use the two receptors 
for collagen uptake. The finding that MR plays a critical role 
in collagen uptake by Cx3cr7-GFP-positive macrophages and 
M2-like macrophages in vivo is compatible with the expression 
of the receptor on macrophages and with previous studies show- 
ing that inhibition of MR by function-blocking antibodies or by 
gene ablation prevents ex vivo collagen uptake by, respectively, 
cultured human peripheral monocyte-derived macrophages and 
mouse peritoneal macrophages (Jiirgensen et al., 201 1; Madsen 
et al., 2011). The contribution provided by uPARAP to macro- 
phage-mediated collagen uptake was also not a complete sur- 
prise, in the light of previous studies of uPARAP expression by 
macrophage subsets (Sheikh et al., 2000; Schnack Nielsen et al., 
2002). Wholly unanticipated, however, was the seemingly com- 
plete independence of dermal fibroblasts on uPARAP for cellular 
collagen uptake in vivo, despite several previous studies dem- 
onstrating a strict uPARAP dependence of collagen uptake by 
primary mouse dermal fibroblasts, immortalized mouse embry- 
onic fibroblasts, immortalized human gingival fibroblasts, and 
human fibrosarcomas when cultured ex vivo (East et al., 2003; 
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Engelholm et al., 2003; Madsen et al., 201 1). The finding serves 
to underscore the dramatic phenotypic changes that may be im- 
posed on cells by even brief ex vivo culture. It is important to 
stress, however, that our data in no way exclude that fibroblasts 
may both use and be dependent of uPARAP for collagen inter- 
nalization in other contexts, such as lung development, protec- 
tion from fibrosis, and tumor progression (Curino et al., 2005; 
Bundesmann et al., 2012; Lopez-Guisa et al., 2012; Madsen 
et al., 2012). The natural question arising from the aforemen- 
tioned discovery is which receptors are specifically responsible 
for the uPARAP-independent collagen internalization by dermal 
fibroblasts in vivo? Possible candidates are the collagen binding 
aipi and a2pl integrins, which are expressed by fibroblasts, 
but this may be difficult to test as a result of the detrimen- 
tal effects on cell adhesion and cell behavior that the genetic 
ablation or functional inhibition of these integrins is likely to 
impose (Fassler and Meyer, 1995; Stephens et al., 1995; Arora 
et al., 2000; Segal et al., 2001). In summary, our study defini- 
tively establishes intracellular collagen degradation as a physi- 
ologically relevant collagen internalization pathway in vivo, it 
suggests that dermal collagen is predominantly degraded by a 
quantitatively minor population of M2-like macrophages with 
additional contributions by Cx3cT7-GFP-positive macrophages 
and Co/7a7-GFP-positive fibroblasts, and it directly establishes 
a key role of MR and uPARAP in this process. 

Materials and methods 

Animal experiments 

All procedures involving live animals were performed in an Association for 
Assessment and Accreditation of Laboratory Animals Care International- 
accredited vivarium following institutional guidelines and standard operat- 
ing procedures. Genotyping for the Mrc] endogenous and targeted allele 
was performed with the primers MR forward, 5 '-GACCTTGGACTGAG- 
CAAAGGGG-3 ', andMRreverse,5 '-GACATGATGTCCTCAGGAGGACG-3 ' 
(Lee etal., 2002). Genotyping for the A^rc2 endogenous allele was performed 
with the primers Exon3-5', 5'-TCTACACCATCCAGGGAAACTCAC-3', and 
Exon3-3', 5'-TTAAACTGGTAACAGCTGTCAGTC-3'. The //lrc2-targeted 
allele was amplified using the primers targl, 5'-TCCTACAAATACAC- 
GCTGGCGATA-3', and targ2, 5'-GCAGTTCCCTTTTAAATGCAAATCA-3' 
(Engelholm et al., 2003). 66. ]29P-Cx3crV"''"''/'/* mice (Jung etal., 2000] 
were obtained from The Jackson Laboratory and interbred with mice carrying 
targeted uPARAP/Endol 80 alleles in an FVB/N background or MR alleles 
in a C57BL/6J background. Genotyping for the Cx3crl endogenous allele 
was performed with the primers E3 3', 5'-TTCACGTTCGGTCTGGTGGG-3', 
and E3 5', 5'-GGTrCCTAGTGGAGCTAGGG-3'. The GFP-targeted allele 
was amplified with T3 3', 5'-GATCACTCTCGGCATGGACG-3', and the 
same reverse primer as in the endogenous amplification. Collal'^''''^° trans- 
genic mice, which express enhanced GFP under the ColTal promoter, have 
been previously described (Krempen et al., 1 999). Expression of GFP by the 
Coll al'^''''^° transgenic mice was determined by illuminating the mice with 
the blue light of a NightSea DFP-1 Dual Fluorescent Protein Flashlight (Fun-In 
Underwater Photo Equipment Co., Ltd.) using the appropriate filter goggles. 
CollaV"'"/] mice [Collal'^'; Liu et al., 1995) were obtained from The 
Jackson Laboratory. Genotyping for the endogenous allele was performed 
with the primers E38wt, 5'-GGACAACGTGGTGTGGTCGGTC-3', and 
l43com, 5'-GCATGTCTGAAGAAGAGGTCT-3'. The targeted allele was am- 
plified with the primer E38mut, 5'-GGACAACGTGGTGCCGCGGGTC-3', 
and the same reverse primer as in the endogenous amplification. 

Labeling of collagen with fluorescent dyes 

Collagen labeling was performed by modification of a previously described 
procedure (Birkedal-Hansen et al., 2003). In brief, acid-extracted rat tail 
tendon type I collagen at 3 mg/ml in 1 3 mM HCI was neutralized and in- 
cubated for 2 h at 37°C to form a gel. The collagen gel was covalently 
labeled with Alexa Fluor 488, 594, or 647 fluorescent dye (Invitrogen) for 



2 h at room temperature followed by 2 d of multiple washes in PBS, which 
removed nonbound dye and collagen incapable of forming fibrils after the 
labeling. The collagen was then redissolved in 1 3 mM HCI. The ability of the 
labeled collagen to reform collagen fibers after neutralization was verified 
by fluorescence microscopy for assessment of proper fiber formation and for 
trypsin resistance by overnight incubation at 37°C with a 0.05% trypsin/ 
EDTA solution. To study collagen type I with a mutation in the collagenase 
cleavage site, collagen fibers were dissected from the tails of CollaV^' mice 
or littermate wild-type mice. The collagen was separated from other tissue, 
such as blood vessels, under a dissecting microscope (Stemi 2000 Dissec- 
tion Stereomicroscope; Carl Zeiss). Collagen was dried and dissolved in 
0.5 M acetic acid at 4°C. To clarify the dissolved collagen, the solution was 
filtered through a 40-^jm nylon membrane and centrifuged at 24,000 g at 
4°C for 3 h. Finally, the collagen solution was dialyzed against 0.01 N fHCI 
and fluorescently labeled as described in the previous paragraph. 

In vivo collagen internalization assay 

Mice were anesthetized by isoflurane inhalation, and under anesthesia, both 
flanks were shaved and injected subcutaneously with 60 pi of 0.4-mg/ml fluor- 
escently labeled collagen and 0.3 mg/ml fluorescently labeled 10-kD Texas 
red dextran (Invitrogen] or with fluorescently labeled collagen alone. The solu- 
tion was neutralized immediately before injection. 1 8-24 h later, mice were 
injected intravenously with 150 (jl of 4-mg/ml Hoechst 33342 trihydrochlo- 
ride trihydrate dye (Invitrogen). Mice were euthanized 4-6 h later, the dermal 
flanks were excised, and the tissue was immediately imaged by confocal mi- 
croscopy. To determine the overall clearance rate of the injected fluorescently 
labeled collagen, mice were injected with Alexa Fluor 488-conjugated col- 
lagen, and after 4 h, 1 d, 2 d, 3 d, or 5 d, the mice were euthanized, and 
skins encompassing the injection site were excised. Each skin piece was cut 
into small fragments and incubated dermis-side down in a solution of 900 pi 
HBSS and 100 pi Liberase DH (Roche) at 37°C for 90 min. Subsequently, 
250 pi of 1-M acetic acid was added, and the samples were incubated for 
an additional 60 min at 37°C. The samples were clarified by centrifugation at 
400 g at 4°C for 10 min followed by centrifugation at 20,000 g at 4°C for 
20 min. The extracted fluorescence was measured using a plate reader 
(Wallac 1420 Victor2; PerkinElmer). 

Metolloproteinase inhibition 

GM6001 (U.S. Biologicals) was formulated for in vivo administration as a 
20-mg/ml slurry in 0.97o saline and 4% carboxymethylcellulose (Almholt 
et al., 2008). Recombinant protective antigen (PA)-Ll, PA-U7, and FP59- 
AGG were generated in avirulent strains of Bacillus anthracis or Escherichia 
coll and purified by fast protein liquid chromatography (Liu et al., 2000). 
For toxin challenge, 8-10-wk-old C57BL/6J females (The Jackson Labo- 
ratory) were injected intraperitoneally with either 100 mg/kg GM6001 
or vehicle at 24 and 0.5 h before toxin challenge. Mice were then in- 
jected intraperitoneally with MMP-activated anthrax toxin: 1 .5 mg/kg 
PA-Ll and 0.5 mg/kg FP59-AGG. Mice were monitored hourly and were 
euthanized if moribund. For collagen internalization experiments, mice 
were injected with 100 mg/kg GM6001 24 and 0 h before collagen 
injection and 3 h before analysis. 

Confocal microscopy 

Confocal imaging was performed using an inverted confocal microscope 
(1X81; Olympus) equipped with a scanning head (FluoView 1000; Olym- 
pus). All of the images were acquired using a U Plan S Apochromat 60x 
numerical aperture 1 .2 water immersion objective. Imaging was performed 
directly on fresh tissue and at room temperature. GFP and Alexa Fluor 488 
were excited with a 488-nm laser (Olympus), Texas red and Alexa Fluor 
594 were excited with a 561-nm laser (Showa Optronic), and Alexa Fluor 
647 was excited with a 633-nm laser (Melles Griot). Image acquisition 
was performed using FluoView acquisition software (Olympus). For the 
z-stack acquisition, the starting focal plane was chosen at 15-20 pm from 
the surface of the dermis, and the z step was set at 2 pm. 

Quantitative analysis of cellular collagen uptake 

For quantification of collagen and dextran internalization, five z stacks of 
29-pm sections were collected for each mouse, each stack at the same depth 
within the tissue. Z stack locations were chosen at random in the vicinity of 
the collagen injection site. Internalization was scored by the presence of fluor- 
escently labeled collagen and/or dextran in perinuclear vesicular structures. 
Total number of cells in each z stack was determined by counting all nuclei 
stained with Hoechst dye and in the case of Cx3cr/-GFP or Co//a/-GFP 
transgenic mice scoring each cell as either GFP positive or GFP negative. 
Final values for cell numbers per mouse were the mean of four to six z stacks. 
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making up n = 1. The Cx3cr y-GFP-negative/ Co/ ! o /-GFP-negative high- 
level collagen-internalizing cell population could be identified based solely 
on the prominence of their lysosomal compartment. To evaluate collagen 
uptake by this cell population, each cell was scored 0-3: 0 = none (no 
collagen-positive vesicles), 1 = low (1-5 collagen-positive vesicles), 2 = 
medium (5-1 5 collagen-positive vesicles), and 3 = high (>1 5 collagen-positive 
vesicles). To determine the level of collagen uptake by the high-level internal- 
izing cells, a comparison to Cx3cr /-GFP-positive or Co//o /-GFP-positive 
cells was mode. Based on z stacks from each of these transgenic mice, the 
high-level internalizing cells were identified as described in the previous 
paragraph, and an outline of the high-level internalizing cells and of the GFP- 
positive cells was drown using ImageJ software (National Institutes of Health) 
to generate the regions of interest. The threshold for the fluorescent collagen 
was selected to allow maximum detection of collagen-positive vesicles while 
minimizing the contribution from extracellular fibrillar collagen. For each re- 
gion of interest, the raw integrated density values were used for calculating 
the relative collagen uptake by high-level internalizing cells compared with 
GFP-positive cells in the same plane. From each z stock, only slices with both 
GFP-positive cells and high-level internalizing cells present were used for the 
analysis, and a mean fold difference between the two cell populations was 
calculated. The total relative fold difference in collagen uptake was calcu- 
lated based on the analysis of 42 GFP-positive cells and 45 GFP-negotive 
high-level internalizing cells in four Co//o /-GFP transgenic mice and 56 
GFP-positive cells and 43 GFP-negotive high-level internalizing cells in four 
Cx3cr!-GFP transgenic mice (in both cases, three to four z stacks per mouse 
were analyzed). To calculate the amount of internalized collagen by Cx3cr- 
GFP-positive cells, Co/ /o /-GFP-positive cells, and high-level internalizing 
GFP-negotive cells, the fold differences in collagen internalization were mul- 
tiplied to the fraction of collagen-internalizing Cx3cr /-GFP-positive cells 
(48.6%), Co/ /a /-GFP-positive cells (36.8%), or high-level internalizing 
Cx3cr /-GFP-negotive, Co/ /a /-GFP-negotive, cells (14.9%). 

Western blotting 

Approximately 1 cm^ of mouse skin was excised and homogenized in lysis 
buffer (50 m/V\ Tris-HCI, pH 7.4, 1 50 mM NoCI, 1 % Triton X-1 00, 0.5% Non- 
idet P-40, and 0.1%, SDS with protease inhibitor cocktail [E/V\D /V\illipore]). 
Protein concentrations were determined using a bicinchoninic acid assay 
(Thermo Fisher Scientific), and 20 \ig protein was used for Western blotting 
under nonreducing conditions. Western blotting against /V\R was performed 
using 2 pg/ml goat onti-AAR antibody (clone /V\R5D3; AbD Serotec). Western 
blotting against uPARAP was performed with a solution containing 0.5 pg/ml 
monoclonal mouse onti-uPARAP antibody (clone 2h9Fl 2; Suiek et al., 2007) 
mixed with alkaline phosphotose-conjugoted secondary antibody. Anti- 
uPARAP antibody and the secondary antibody were mixed at a molar ratio of 
3:1 and preincuboted for 20 min to ovoid the signal from endogenous mouse 
IgG. Protein lysotes from M] macrophages, M2 macrophages, and resting 
macrophages (generated as described in the section Ex vivo collagen internal- 
ization assay) were analyzed by Western blotting for the detection of AAR and 
tubulin (loading control). Protein concentrations were determined, and equal 
protein amounts were loaded. The following primary antibodies were used: 2 
pg/ml monoclonal mouse anti-/v\R antibody (BD) and monoclonal mouse anti- 
tubulin antibody (Santo Cruz Biotechnology, Inc.). 

Gene expression onalysis by real-fime PCR 

Gene expression was performed by real-time PCR in three tissue samples 
from collagen-injected or noninjected skin. In brief, 1 pg of total RNA was 
used for first-strand cDNA synthesis (Superscript III First-Strand Synthesis 
Super/\Aix; Invitrogen). The real-time PCR detection system (iCycler iQ; Bio- 
Rad Laboratories) and iQ SYBR Green Supermix (Bio-Rad Laboratories) 
were used for analysis. In brief, the reaction mixture contained 500 ng 
cDNA, housekeeping gene primers, and gene-specific forward and re- 
verse primers for each gene at a final concentration of 1 p/V\. The real- 
time cycler conditions were as follows: PCR initial activation step at 95°C 
for 3 min, 40 cycles each of denaturing at 95°C for 15 s, and anneal- 
ing/extension at 60°C for 1 min followed by a melting curve analysis of 
55-95°C with 0.5°C increment, 5 s per step. A negative control without 
a template was included to assess the overall specificity of the reaction. 
The comparative cycle threshold (AAC7) method was used to achieve the 
relative fold changes in gene expression between noninjected and collagen- 
injected skin. Primers ore shown in Table SI . 

Whole-mount staining 

Whole-mount staining was performed 24 h after collagen and dextron in- 
jection. Skin was fixed for 4 h (MR and Fizzl staining) or 16 h (F4/80 
staining), and for the ML and Fizzl staining, the skin was subsequently 



permeobilized by incubation in 1% Triton X-1 00 in PBS for 45 min. The 
skin was washed in PBS + 0.5% BSA + 0.2% Triton X-1 00 (PBS-BT), 
blocked in PBS-BT + 2% goat serum for >1 h, and incubated overnight at 
4°C with primary antibody diluted in PBS-BT + 2% goat serum at the fol- 
lowing ratios: rot anti-F4/80 (clone bl\A8, eBioscience) diluted 1 :200, rat 
onti-ZvAR (AbD Serotec) diluted 1:200, and rabbit onti-Fizzl (PeproTech) 
diluted 1 :400. Tissues were washed thoroughly in PBS-BT and incubated 
overnight at 4°C with Alexa Fluor 488-conjugated secondary antibod- 
ies diluted 1 :500 in PBS-BT. After washing in PBS-BT, the tissue was incu- 
bated for 1 h with Hoechst diluted 1:10,000 in PBS-BT, and after 
subsequent washing, the skin was imaged as described in the "Confocal 
microscopy" section. 

Ex vivo collagen internalization assay 

hluman monocytes were isolated from healthy donors as previously de- 
scribed (Jurgensen et ol., 201 1). In brief, mononuclear cells were isolated 
from whole blood using density gradient centrifugotion (Lymphoprep; Axis- 
Shield). After this, monocytes were isolated using on automated cell isolator 
(RoboSep; StemCell Technologies, Inc.) and CD 14 selection kit (EasySep 
hluman Buffy Coot; StemCell Technologies, Inc.). The monocytes were dif- 
ferentiated in Al/V\-V medio (Invitrogen) supplemented with the following 
specific cytokines: /vM macrophages, 5 ng/ml recombinant human GM- 
CSF (Sigmo-Aldrich) for 7 d followed by 5 ng/ml recombinant human GM- 
CSF, 5 ng/ml recombinant human \fN-y (R&D Systems), and 100 ng/ml 
lipopolysocchoride (Sigmo-Aldrich) for 2 d; M2 macrophages, 20 ng/ml 
recombinant human /V\-CSF and 12.5 ng/ml recombinant human IL-4 
(both obtained from R&D systems) for 9 d; and resting macrophages were 
generated by culturing for 9 d without cytokines. Collagen internaliza- 
tion assay was performed essentially as previously described (Jurgensen 
et al., 201 1). In brief, macrophages were incubated in AI/v\-V medium 
supplemented with 1 .5% BSA, 20 m/V\ Hepes, and 10 pAA of the cysteine 
protease inhibitor E64d (/V\erck Biosciences) for 30 min. '^^l-lobeled rot tail 
collagen I was added to a concentration of 150 ng/ml, and after a 4-h 
incubation at 37°C, the intracellular fraction was isolated and measured 
using o y counter. /V\l and M2 macrophages were evaluated for their 
ability to internalize collagen in the presence or absence of a function- 
blocking anti-/V\R antibody (10 pg/ml; R&D Systems). All samples were 
analyzed in triplicates. Fibroblasts from the skin of newborn A'1rc2"^" mice 
or wild-type littermates were isolated by trypsinizotion overnight at 4°C 
OS previously described (Engelholm et al., 2003). One million cells were 
seeded in 6-well plates in duplicates in D/vAEAA with 10% FCS and allowed 
to adhere overnight. The following day, the medium was replaced with 
fresh medium containing 133 ng/ml of '^^l-labeled rot toil collagen I, and 
the cells were incubated for 5 h. Cells were washed three times in ice-cold 
PBS, trypsinized briefly, transferred to on Eppendorf tube, and centrifuged 
for 2 min at 200 g. Cells were then resuspended in DMEM with 1 0% FCS, 
reseeded in 6-well plates, and allowed to adhere for 0, 4, or 16 h. After 
this incubation, the culture supernatant was collected, and the cells were 
washed twice in PBS, briefly trypsinized, centrifuged at 200 g for 2 min, 
and resuspended in 1 ml of medium to neutralize the remaining trypsin. 
Cells were then centrifuged at 1 ,000 g for 1 min and lysed in lysis buffer 
(1% Triton X-1 00, lOmAATris, and UOmAANaCI, pH 7.4). Subsequently, 
fresh medium was added to a total volume of 1 ml. Total protein content 
in either culture supernatant or lysotes was precipitated by the addition of 
90 pi of ice-cold 100% (wt/vol) TCA per milliliter and incubating the 
samples on ice for 10 min. Precipitated protein was separated from non- 
precipitated material by centrifugotion for 5 min at 12,000 g, and the 
amount of radioactivity in the fraction of precipitated protein (including 
intact nondegraded collagen) and nonprecipitated material (including de- 
graded collagen) was determined using a 7 counter. 

Online supplemental material 

Video 1 shows a reconstituted field of collagen formed in vivo. Table SI 
shows the primers used for real-time PCR. Online supplemental material 
is available at http://www.jcb.org/cgi/content/full/jcb.201301081/ 
DCl . Additional data ore available in the JCB DotaViewer at http://dx 
.doi.org/1 0. 1 083/jcb.201 301 08 1 .dv. 
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